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Strictly anaerobic bacterial strains (FH052 T and SN021 T ) belonging to clostridial cluster XIVa were isolated from a methanogenic reactor. Cells of the two strains were Gram-stain-positive, slender or curved rods producing terminal spores. The strains were slightly alkaliphilic. They fermented various carbohydrates including xylan and produced acetate, ethanol and H 2 . Strain SN021 T decomposed cellulose. The genomic DNA G+C contents were 47.2 mol% for strain FH052 T and 38.1 mol% for strain SN021
T . The two strains had common cellular fatty acids such as C 16 : 0 , C 16 : 0 dimethylacetal and C 18 : 1 !7c dimethylacetal as major components. 16S rRNA gene sequence similarity between the two strains was 94.3 % and they shared closely related species such as Clostridium jejuense, Clostridium xylanovorans and Clostridium aminovalericum (92.6-95.7 % sequence similarity). Phenotypic and phylogenetic analyses suggested that these two isolates should be assigned to novel genera other than the genus Clostridium, and thus the genera Anaerotaenia gen. nov. and Anaerocolumna gen. nov. in the family Lachnospiraceae were proposed to accommodate them as Anaerotaenia torta gen. nov., sp. nov. for strain FH052 Clostridial 16S rRNA cluster XIVa, in the class Clostridia within the phylum Firmicutes, is composed of various anaerobic bacterial species and the group currently includes almost 20 genera in the family Lachnospiraceae (Rainey, 2009) as well as more than 30 species in the genus Clostridium . The phylogenetic group is composed of phenotypically diverse species that differ in Gram-staining, cell morphology (e.g. straight, curved or helical rods, coccoid or oval), spore formation, motility, fermentation products, etc. (Liu et al., 2008; Rainey et al., 2009) . In this study, two strains of cellulolytic and xylanolytic bacteria in cluster XIVa isolated from a methanogenic reactor are described. The 16S rRNA gene sequence similarity between the two strains was 94.3 % and they shared closely related species in clostridial cluster XIVa such as Clostridium jejuense 15929 T (Jeong et al., 2004) , Clostridium aminovalericum DSM 1283 T (Hardman & Stadman, 1960; Rainey et al., 2009) and Clostridium xylanovorans DSM 12503
T (Mechichi et al., 1999) . Although all these closely related species are currently affiliated with the genus Clostridium in cluster XIVa, Lawson & Rainey (2015) recently proposed that the genus Clostridium should be restricted to species belonging to clostridial cluster I (Clostridium sensu stricto; Clostridium butyricum and related species). Thus, based on comprehensive phenotypic and phylogenetic analyses, two novel genera, Anaerotaenia gen. nov. and Anaerocolumna gen. nov. in the family Lachnospiraceae within the order Clostridiales, are proposed to accommodate the novel two isolates as well as the closely related three Clostridium species with emended descriptions of these species.
Strains FH052 T and SN021 T were isolated by the anaerobic roll-tube method (Holdeman et al., 1977 ) from a methanogenic reactor treating waste collected from cattle farms (housing up to 1000 cattle in total) in Betsukai-machi, Hokkaido, Japan, as described previously (Nishiyama et al., 2009; Ueki et al., 2009 Ueki et al., , 2014 Ueki et al., , 2015 . Strain FH052 T was from digester fluid without plant residue or other solid material and strain SN021
T was isolated from samples of small pieces of decomposed rice straw residue collected from the reactor. The strains were cultivated anaerobically at 30 C unless otherwise stated by using peptone/yeast extract (PY) basal medium with oxygen-free mixed gas (95 % N 2 /5 % CO 2 ) as the headspace. PY medium contained (per litre) 10 g trypticase (BBL), 5 g yeast extract, 0.2 g Na 2 CO 3 (as a buffering agent for CO 2 in the headspace), 0.3 g L-cysteine hydrochloride dihydrate (as a reducing agent) and 1 mg sodium resazurin (as a redox indicator) as well as salt solutions (Holdeman et al., 1977; Satoh et al., 2002) . PY medium supplemented with 0.25 g each of glucose, cellobiose, maltose and soluble starch per litre together with 15 g agar per litre was designated PY4S agar and used for isolation and maintenance of the strains on agar slants. PY4S agar medium was usually adjusted to pH 7.1-7.2 (before autoclaving) with 1 M NaOH. As shown below, both strains were slightly alkaliphilic, and thus the initial pH of liquid media was usually adjusted to about pH 7.4-7.5 as measured after autoclaving.
Growth of the strains under aerobic conditions was examined by using PY4S agar as described previously . Spore formation was assessed by both phase-contrast microscopy and observation of cells after Gram-staining. To examine formation of thermotolerant cells, cultures grown in PY-cellobiose (strain FH052 T , see below) or PYG medium (strain SN021 T ) as well as on agar slants were inoculated to the same fresh liquid media, respectively, and the culture tubes were treated at 80 C for 10 min before cultivation at 30 C. The motility of cells was examined by phase-contrast microscopy and flagella staining was carried out according to Blenden & Goldberg (1965) .
Colonies of both strains were thin and translucent with a smooth surface on PY4S agar after 24 h of inoculation. Cells of both strains were Gram-stain-positive. Cells of strain FH052
T were long, often slightly curved or sigmoid rods; most were approximately 0.4-0.5 µm in diameter and 6.4-9.0 µm long (Fig. S1a , available in the online Supplementary Material). Cells of strain SN021
T were slender, straight rods; most were approximately 0.8 µm in diameter and 9.5-12.0 µm long and occurred singly (Fig. S1c) . Cell sizes of both strains varied considerably depending on the cultivation conditions (liquid or agar, pH of the medium). Cells of both strains did not grow in air. Terminal spherical spores were occasionally observed in cells of both strains (Fig. S1a,  d ), and both strains grew after heat treatment. Cells of both strains had peritrichous flagella.
Utilization of carbon sources was tested in PY liquid medium with monosaccharides, disaccharides, trisaccharides and sugar alcohols added at 10 g l
À1
. Polysaccharides and glycosides were added at 5 g l
, and organic acids were added at 30 mM. Utilization of each substrate was usually determined by growth measured by OD 660 of culture tubes as well as pH and fermentation products of the medium after cultivation in comparison with those cultivated in PY medium without substrates. Cellulose decomposition was examined by monitoring degradation of small pieces of filter paper in liquid medium, formation of clear zones in the anaerobic roll tubes containing cellulose powder or utilization of CM-cellulose (Nishiyama et al., 2009) . Fermentation products (fatty acids, alcohols and gas) were analysed by GC (Ueki et al., 1986; Akasaka et al., 2003) . Optimum growth conditions were tested at temperatures of 10-45 C (at 5 C intervals) and in the presence of 0-50 g NaCl l À1 at 10 g NaCl l À1 intervals with an exception at 5 g NaCl l
. The optimum pH was examined at pH 5. 3, 6.1, 6.8, 7.2, 7.5, 7.8, 8.2, 9 .3 and 10.2 for strain FH052 T and at pH 4.0, 5.2, 6. 2, 6.8, 7.6, 8.5 and 10.3 (values verified after autoclaving) for strain SN021 T . Bicine (Good's buffer; Dotite) (20 mM) was used to adjust the pH of the medium higher than 8.0 by using N 2 gas as the headspace. All tests were performed in duplicate and the reproducibility was confirmed. Growth in PY medium without additional substrates was slight for both strains, judging from the increase in OD 660 as well as products in the medium. Vitamin requirements were not observed for either strain.
Growth of strain FH052
T in liquid media was slow and poor, producing films or aggregates with entangled cells (Fig. S1b) . The strain utilized carbohydrates (arabinose, ribose, xylose, fructose, galactose, glucose, mannose, rhamnose, cellobiose and xylan). Sucrose, salicin and mannitol were utilized weakly. Growth with glucose was poorer than that with pentoses (arabinose, ribose and xylose). Fermentation products were acetate, ethanol, H 2 and CO 2 ; from glucose, acetate (5.3 mmol l
À1
) and ethanol (9.3 mmol l À1 ); from pentoses, acetate (5.6-6.3 mmol l À1 ) and ethanol (11.9-13.6 mmol l À1 ); and from xylan, acetate (11.1 mmol l
) and ethanol (8.4 mmol l À1 ) (5 days of cultivation for all substrates). Pyruvate was converted to mainly acetate (12.7 mmol l
) with a trace amount of ethanol (2.2 mmol l
). Substrates that were tested but not utilized are listed in the species description. As growth of strain FH052
T in PY-cellobiose medium was more stable than in PYG medium, the former medium was used for the examination of growth conditions. The temperature range for growth was 20-40 C, with the highest growth rate at 35-40 C. The strain was slightly alkaliphilic; the pH range for growth was 6.8-8.2; optimum growth was at pH 7.4-7.5. The final pH after cultivation in these media was 5.4-5.5. The strain grew in PY-cellobiose medium containing up to 10 g NaCl l
, and the growth rate was highest with 0 g NaCl l À1 . Various physiological characterizations were carried out according to the methods as described by Holdeman et al. (1977) and Ueki et al. (2009) . The strain did not produce hydrogen sulfide in SIM medium. Aesculin and starch were not hydrolysed. Other physiological characteristics are presented in the species description.
Strain SN021
T utilized various carbohydrates (arabinose, xylose, fructose, galactose, glucose, mannose, cellobiose, lactose, maltose, melibiose, dextrin, glycogen, pectin, starch, xylan, aesculin, amygdalin and salicin). The strain decomposed cellulosic substrates (CM-cellulose and filter paper); filter paper was broken into minute fibrous pieces after about 2 weeks of cultivation. The strain produced acetate, ethanol, H 2 and CO 2 from all substrates utilized; from glucose (72 h of cultivation), acetate (8.6 mmol l
À1
) and ethanol (47.7 mmol l À1 ); from filter paper (3 weeks), acetate (9.6 mmol l ). Substrates that were tested but not utilized are listed in the species description. The temperature range for growth was 15-40 C, with the highest growth rate at 35 C. Strain SN021 T was slightly alkaliphilic; the pH range for growth was 6.2-8.5; optimum growth was at pH 7.6. Growth at pH 6.2 was very poor and the highest growth yield (OD 660 ) was obtained at pH 8.5. The final pH after cultivation in the medium at initial pH 7.6 was 5.2. The strain grew in PYG medium containing up to 30 g NaCl l À1 , and the growth rate was highest with 0 g NaCl l À1 . Hydrogen sulfide was weakly produced. Aesculin and starch were hydrolysed. Other physiological characteristics are presented in the species description.
Cells grown to the early stationary phase (after about 72 h of cultivation) in PY-cellobiose medium (strain FH052 T ) or PYG (strain SN021 T ) were harvested by centrifugation and the cell pellet was washed twice with saline (0.85 g NaCl l
) by repetition of centrifugation. Cells obtained were used for the following chemotaxonomic analyses. Genomic DNA extracted according to the method described by Akasaka et al. (2003) was digested with P1 nuclease by using a YAMASA GC kit (Yamasa shoyu) and its G+C content was measured by HPLC (Hitachi L-7400) equipped with a µBondapack C18 column (3.9Â300 mm; Waters). Whole-cell fatty acids (CFAs) were converted to methyl esters according to the method of Miller (1982) and analysed by GC (Hp6890; Hewlett-Packard or G-3000; Hitachi) equipped with an HP Ultra 2 column. CFAs were identified by equivalent chain length (ECL) (Miyagawa et al., 1979) at TechnoSuruga (Shizuoka, Japan). Diagnostic cell-wall diamino acids were analysed according to the method described by Akasaka et al. (2003) . Respiratory isoprenoid quinones were extracted and analysed according to the method as described by Komagata & Suzuki (1987) for the presence of menaquinones and ubiquinones. The G+C content of the genomic DNA was 47.2 mol% for strain FH052 T and 38.1 mol % for strain SN021 T . Fatty acid, aldehyde and dimethylacetal (DMA) components were detected by the analysis of CFAs. Both strains had even-numbered components of carbon as the major CFA constituents. Major constituents of strain FH052 T were C 16 : 0 (30.8 %), C 16 : 0 DMA (8.7 %) and C 18 : 1 !7c DMA (19.0 %), and for strain SN021 T were C 16 : 0 aldehyde (20.6 %), C 16 : 0 DMA (17.4 %) and C 18 : 1 !7c DMA (9.0 %). The cellwall peptidoglycan of both strains contained meso-diaminopimelic acid (meso-DAP) as the diagnostic diamino acid. Neither menaquinones nor ubiquinones were detected in either strain.
DNA was extracted from cells as described previously (Akasaka et al., 2003) . The almost full-length 16S rRNA gene was amplified by PCR using primers 27f and 1546r. The PCR-amplified 16S rRNA gene was sequenced by using an ABI Prism BigDye Terminator cycle sequencing ready reaction kit and ABI Prism 3730 automatic DNA sequencer (Applied Biosystems). Multiple alignments with reference sequences in GenBank/EMBL/DDBJ were performed with the BLAST program (Altschul et al., 1997) . Gaps and unidentified base positions in the alignments were excluded before sequence assembly, and sequence similarities to the type strains of related species were determined by pairwise comparisons. Phylogenetic trees were reconstructed with the neighbour-joining method (Saitou & Nei, 1987) by using the CLUSTAL W program (Thompson et al., 1994) and with the maximum-likelihood program (DNAML) of the PHYLIP 3.66 package (Felsenstein, 2006) .
Analyses of the almost-complete 16S rRNA gene sequences of strains FH052 T (1479 bp) and SN021 T (1478 bp) assigned them to clostridial cluster XIVa of the phylum Firmicutes (Collins et al., 1994) . The sequence similarity between the two novel strains was 94.3 %. During the period of preparation and writing of this paper, the closest relative of strain FH052 T was C. jejuense 15929 T (Jeong et al., 2004 ) (93.8 % 16S rRNA gene sequence similarity) followed by C. xylanovorans DSM 12503 T (Mechichi et al., 1999) (93.5 %) . The most closely related species to SN021 T were C. jejuense 15929 T (95.7 %), C. aminovalericum DSM 1283 T (Hardman & Stadman, 1960; Rainey et al., 2009 ) (95.6 %) and C. xylanovorans DSM 12503 T (94.6 %). Sequence similarity between strain FH052 T and C. aminovalericum DSM 1283
T was 92.6 %. The four strains except strain FH052
T were placed on the same cluster on the phylogenetic tree reconstructed with species in clostridial cluster XIVa as well as members in the family Lachnospiraceae (Rainey, 2009 ), while strain FH052
T was placed on a separate branch (Fig. 1) .
C. aminovalericum DSM 1283 T , C. jejuense DSM 15929 T and C. xylanovorans DSM 12503 T were cultivated under the same conditions for comparison of some phenotypic properties with strains FH052
T and SN021 T (Table 1) . Cell morphologies of the three related species were similar: straight or slightly curved, terminal-spore-forming rods with tapered ends of moderate sizes. Although the cell morphology was different and cell size was larger than those of the three relatives, cells of strain SN021
T were also slender rods. For strain FH052 T , a similar type of terminal spherical spore occurred in cells, but the cell type was distinctive in the five strains. In the original description for C. aminovalericum (Hardman & Stadman, 1960; Rainey et al., 2009) , the reported carbohydrate utilization range was very narrow, whereas strain DSM 1283 T utilized several carbohydrates examined in our study and the results almost matched those reported by Jeong et al. (2004) for this strain. The results of carbohydrate utilization tests for the other two strains obtained in our study closely matched the original descriptions. All three Clostridium strains commonly produced acetate, ethanol, H 2 and CO 2 as the fermentation end products from glucose (PYG medium) by using the same cultivation conditions used for strains FH052
T and SN021 T shown above.
CFA profiles, diagnostic cell-wall diamino acids and respiratory isoprenoid quinones of the three reference strains were analysed by using cell biomass cultivated in PYG medium under the same conditions as described above. The five strains shared common CFA components as major constituents such as C 16 : 0, C 16 : 0 DMA and C 18 : 1 !7c DMA, although C 16 : 0 aldehyde, one of the major components of strain SN021T, was a comparatively minor constituent for these reference strains (Table 2) . Although in low abundance, C 19 : 0 cyclopropane 11,12 DMA was detected as a characteristic component for all five strains. C. jejuense DSM 15929 T and C. xylanovorans DSM 12503 T showed very similar CFA profiles. All reference strains contained meso-DAP in the cell wall, while they had neither menaquinones nor ubiquinones.
The phenotypic examination showed that the five strains shared common properties with each other. However, strain
FH052
T was placed on a separate branch from the other four strains on the phylogenetic tree and the cell morphology was distinctive in the five strains. The G+C content of the genomic DNA for strain FH052 T was 47.2 mol%, while it was 38.1 mol% for strain SN021 T and this latter value was in the range of G+C contents of the other three related species (33-41 mol%) (Jeong et al., 2004; Mechichi et al., 1999; Rainey et al., 2009 ). According to the proposal for restriction of the genus Clostridium to species in clostridial cluster I (Lawson & Rainey, 2015; Rainey et al., 2009) , the two novel strains should not be assigned to the genus Clostridium. In addition, the three related species, C. aminovalericum, C. jejuense and C. xylanovorans, should be reclassified to a genus other than Clostridium. (Koeck et al., 2015) were 96.7 and 94.5 %, respectively, and those for strain SN021
Descriptions of two novel species (Mobilitalea
T were 94.4 and 92.7 %. The two novel species were placed on the same cluster with strain FH052
T on the phylogenetic tree (Fig. 1) . Both species are strictly anaerobic, rod-shaped bacteria degrading crystalline cellulose. The G+C contents of the genomic DNA are 33.4 mol% for M. sibirica P3M-3 T and 36.6 mol% for H. hemicellulosilytica T3/ 55 T . M. sibirica is halotolerant, while H. hemicellulosilytica is thermophilic and non-sporulating. Three species closely related to our isolates (C. aminovalericum, C. jejuense and C. xylanovorans) are also closely related to strain P3M-3 T , and strain P3M-3 T shared several common features with these T (the type species of the genus Clostridium, i.e. Clostridium sensu stricto) was used as the outgroup. The tree topology evaluated by using the maximum-likelihood method was almost the same as that obtained with the neighbour-joining method. Bar, 2 % estimated difference in nucleotide sequence.
Clostridium species. However, Podosokorskaya et al. (2014) described several genus-level discriminative features (such as halotolerance and the range of carbohydrates utilized) between strain P3M-3 T and each of these closely related species. Thus, they concluded that strain P3M-3 T represents a novel species in a new genus (Mobilitalea gen. nov.) without including the related Clostridium species (Podosokorskaya et al., 2014) . For the same reason, there are genus-level differences between strains FH052
T and P3M-3 T (DNA G+C contents in addition to halotolerance and the range of carbohydrates utilized). H. hemicellulosilytica T3/55
T is phylogenetically and phenotypically more different from strain FH052 T (Table 1) .
Based on these data, the novel genera Anaerotaenia gen. nov. and Anaerocolumna gen. nov., family Lachnospiraceae in the order Clostridiales, are proposed to accommodate strains FH052 T and SN021 T as Anaerotaenia torta gen. nov., sp. nov. and Anaerocolumna cellulosilytica gen. nov., sp. nov., respectively. In addition, we also propose that the three species (C. aminovalericum, C. jejuense, and C. xylanovorans) related to SN021
T should be reclassified in the (Koeck et al., 2015) . Unless indicated for strains 1-5, data were obtained in this study. +, Positive; W+, weakly positive; À, negative; ND, no data; NA, not applicable. novel genus Anaerocolumna gen. nov. as the new combinations Anaerocolumna aminovalerica comb. nov., Anaerocolumna jejuensis comb. nov. and Anaerocolumna xylanovorans comb. nov.
Description of Anaerotaenia gen. nov.
Anaerotaenia (An.ae.ro.tae'ni.a. Gr. prep. an not; Gr. n. aer air; anaero not living in air; L. fem. n. taenia ribbon; N.L. fem. n. Anaerotaenia a ribbon not living in air).
Cells are Gram-stain-positive. Motile and peritrichous. Strictly anaerobic, fermentative metabolism. Slightly curved long rods. Produce terminal, spherical spores. Chemo-organotrophic, using a wide variety of compounds including xylan. Glucose is fermented to acetate, ethanol and H 2 as fermentation end products. Catalase is absent. C 16 : 0 , C 16 : 0 DMA and C 18 : 1 !7c DMA are present as typical CFAs. The cell-wall peptidoglycan contains meso-DAP as a diagnostic amino acid. Neither menaquinones nor ubiquinones are present. The genus belongs to the family Lachnospiraceae within the order Clostridiales. The type species is Anaerotaenia torta.
Description of Anaerotaenia torta sp. nov.
Anaerotaenia torta (tor'ta. L. fem. adj. torta twisted, referring to the twisted and entangled cell morphology).
Displays the following characteristics in addition to the properties given in the genus description. Cells are long, slightly curved or sigmoid rods, 0.4-0.5 µm in diameter and 6.4-9 µm long, that occur singly or occasionally in pairs. Cell size is variable depending on culture conditions. Colonies on PY4S agar are translucent with a smooth surface. Growth in liquid media is weak, producing white films on the surface or aggregates with entangled cells. Grows at 20-40 C (optimum 35-40 C), at pH 6.8-8.2 (optimum pH 7.4) and with 0-10 g NaCl l À1 (optimum 0 g NaCl l
À1
). Vitamin is not required. Utilizes the carbohydrates arabinose, ribose, xylose, fructose, galactose, glucose, mannose, rhamnose, cellobiose, xylan and mannitol. Utilizes sucrose, salicin and pyruvate weakly. Cellobiose supports stable growth more than glucose. Does not utilize sorbose, lactose, maltose, melibiose, trehalose, melezitose, raffinose, CM-cellulose, cellulose (filter paper), dextrin, glycogen, inulin, pectin, starch, amygdalin, aesculin, dulcitol, glycerol, inositol, sorbitol, Description of Anaerocolumna gen. nov.
Anaerocolumna (An.ae.ro.co.lum'na. Gr. prep. an not; Gr. n. aer air; anaero not living in air; L. fem. n. columna column; N.L. fem. n. Anaerocolumna a column not living in air).
Cells are Gram-stain-positive. Motile. Strictly anaerobic, fermentative metabolism. Slightly curved to straight rods occurring singly or in pairs. Produces terminal, spherical spores from swollen cells. Optimum temperature for growth is 30-35 C. Chemo-organotrophic, using a wide variety of compounds including sugars and organic acids as energy sources. Glucose is fermented to acetate, ethanol and H 2 as fermentation end products. Decomposes cellulose and xylan. Catalase is absent. C 16 : 0 , C 16 : 0 DMA and C 18 : 1 !7c DMA are present as typical CFAs. The cell-wall peptidoglycan contains meso-DAP as a diagnostic amino acid. Neither menaquinones nor ubiquinones are present. The genomic DNA G+C content is 33-41 mol%. Strains have been isolated mainly from methanogenic reactors. The Description of Anaerocolumna aminovalerica (Hardman & Stadtman, 1960) comb. nov.
Anaerocolumna aminovalerica (a.mi.no.va.le'ri.ca. N.L. n acidum aminovalericum aminovaleric acid; N.L. fem. adj. aminovalerica referring to ability to ferment aminovaleric acid strongly).
Basonym: Clostridium aminovalericum (Hardman & Stadtman, 1960) In addition to the original description of Clostridium aminovalericum (Hardman & Stadtman, 1960) Description of Anaerocolumna jejuensis (Jeong et al., 2004) comb. nov.
Anaerocolumna jejuensis (je.ju.en'sis. N.L. fem adj. jejuensis pertaining to Jeju Island, Korea, geographical origin of the type strain of the species).
Basonym: Clostridium jejuense (Jeong et al., 2004) In addition to the original description of Clostridium jejuense (Jeong et al., 2004) Description of Anaerocolumna xylanovorans (Mechichi et al., 1999) comb. nov.
Anaerocolumna xylanovorans (xy.la.no.vo'rans. Gr. n. xylanosum xylan; L. v. vorare devour, to eat; N.L. adj. xylanovorans xylan-eating bacterium).
Basonym: Clostridium xylanovorans (Mechichi et al., 1999) In addition to the original description of Clostridium xylanovorans (Mechichi et al., 1999) 
